The human T-cell leukemia virus type 1 (HTLV-1) is the cause of adult T-cell leukemia/lymphoma as well as tropical spastic paraparesis/ HTLV-1-associated myelopathy. HTLV-1 is transmitted to T cells through the virological synapse and by extracellular viral assemblies. Here, we uncovered an additional mechanism of virus transmission that is regulated by the HTLV-1-encoded p8 protein. We found that the p8 protein, known to anergize T cells, is also able to increase T-cell contact through lymphocyte function-associated antigen-1 clustering. In addition, p8 augments the number and length of cellular conduits among T cells and is transferred to neighboring T cells through these conduits. p8, by establishing a T-cell network, enhances the envelope-dependent transmission of HTLV-1. Thus, the ability of p8 to simultaneously anergize and cluster T cells, together with its induction of cellular conduits, secures virus propagation while avoiding the host's immune surveillance. This work identifies p8 as a viral target for the development of therapeutic strategies that may limit the expansion of infected cells in HTLV-1 carriers and decrease HTLV-1-associated morbidity.
The human T-cell leukemia virus type 1 (HTLV-1) is the cause of adult T-cell leukemia/lymphoma as well as tropical spastic paraparesis/ HTLV-1-associated myelopathy. HTLV-1 is transmitted to T cells through the virological synapse and by extracellular viral assemblies. Here, we uncovered an additional mechanism of virus transmission that is regulated by the HTLV-1-encoded p8 protein. We found that the p8 protein, known to anergize T cells, is also able to increase T-cell contact through lymphocyte function-associated antigen-1 clustering. In addition, p8 augments the number and length of cellular conduits among T cells and is transferred to neighboring T cells through these conduits. p8, by establishing a T-cell network, enhances the envelope-dependent transmission of HTLV-1. Thus, the ability of p8 to simultaneously anergize and cluster T cells, together with its induction of cellular conduits, secures virus propagation while avoiding the host's immune surveillance. This work identifies p8 as a viral target for the development of therapeutic strategies that may limit the expansion of infected cells in HTLV-1 carriers and decrease HTLV-1-associated morbidity.
human leukemia retrovirus | orf-I T he human T-cell leukemia virus type 1 (HTLV-1) causes adult T-cell leukemia/lymphoma and tropical spastic paraparesis/ HTLV-1-associated myelopathy (1) (2) (3) . The 3′ end of the viral genome encodes the p12, p8, p13, p30, and HBZ proteins (4-7), whose functions are not fully understood. Here we focused on the function of the p8 protein. Expression of the singly spliced orf-I mRNA yields the endoplasmic reticulum (ER) resident precursor p12 protein. Removal of an ER retention/retrieval signal located at the amino terminus of p12 yields the p8 protein, which traffics to the cell surface (8, 9) . The p12 and p8 proteins exert contrasting effects on T cells. The p12 protein induces T-cell activation by increasing ER calcium influx and/or NFAT activity (10) . Furthermore, p12 induces T-cell proliferation by binding the IL-2 receptor β and γ chains (11) and by increasing STAT-5 phosphorylation and IL-2 production (12) . In contrast, upon T-cell receptor (TCR) ligation, p8 is recruited to the immunological synapse (IS), the contact site between the antigen-presenting cell and the T lymphocytes. Upon T-cell activation, p8 down-regulates proximal TCR signaling and causes T-cell anergy (8, 9) . Prior work has demonstrated that, although the orf-I protein products increase T-cell contact by lymphocyte function-associated antigen-1 (LFA-1) clustering (13), they also decrease interaction among T cells by downregulating intercellular adhesion molecule 1 (ICAM-1), ICAM-2, and the MHC-I at the cell surface to avoid recognition by natural killer (NK) cells and cytotoxic T cells (CTL) (14, 15) . Here we present data that reconcile these seemingly opposite effects of the p12 and p8 proteins on T cells. We found that p8, but not p12, increases clustering of LFA-1 on the cell surface. In addition, we found that p8 increases the number and length of cellular conduits that enhance communication among several cell types (16) (17) (18) . Through these conduits, p8 is rapidly transferred to neighboring uninfected T cells, where it augments T-cell contact and HTLV-1 transmission. Thus, HTLV-1 orf-I encodes proteins that increase the proliferation of infected T cells and favor their escape from immune recognition by downregulating MHC-I, ICAM-1, and ICAM-2, and, to the contrary, enhance T-cell contact while anergizing T cells, and induce conduit formation to favor virus transmission.
Results

p8, but Not p12, Protein Increases T-cell Conjugation and HTLV-1
Transmission in T Cells. To dissect the roles of p12 and p8 on HTLV-1 infection of T cells, we constructed cDNA of a natural allele of orf-I that carries a substitution of glycine for serine at position 29. This amino acid change severely impairs cleavage and results in the predominant expression of p12. We also generated a cDNA that encodes p8 (8) . We used the HTLV-1 WT molecular clone, pAB, or the p12KO molecular clone deficient in orf-I expression (19) . The Jurkat T cells transfected with pAB or p12KO plasmids produced equivalent amounts of virus (19) . However, cocultivation with the reporter cell line (BHK1E6) (20) , which contains the β-gal gene under the control of the HTLV-1 LTR promoter, revealed that the p12KO virus was significantly less infectious than the WT virus (21) (Fig. 1A, lanes 1 and 2) . The p12KO infectivity was rescued by the coexpression of p8, but not p12 (Fig. 1, lanes 3 and  4) . The ability of p8 to rescue virus transmission required viral integration and the envelope protein, as demonstrated by the lack of infectivity of the integrase or envelope-defective HTLV-1 molecular clones (22) in the absence or presence of p8 (Fig. 1A , compare lanes 5-7 and 8-10, respectively).
Because p8 traffics to the cell membrane, we hypothesized that p8 may affect cell adhesion. To investigate this, we measured the ability of p8-expressing cells to cluster with each other, by enumerating cell conjugates. The p8, but not the p12, protein significantly increased T-cell conjugates (Fig. 1B) and this effect was actin polymerization-dependent as it was inhibited by cytochalasin D, but not by nocodazole, a tubulin inhibitor (Fig. 1C) . The orf-I product(s) has been previously shown to increase LFA-1 clustering (13), suggesting the hypothesis that p8 may increase T-cell contact by clustering LFA-1. p8 expression in Jurkat T cells did not affect LFA-1 surface levels as determined by flow cytometry, but p8 colocalized with clustered LFA-1 (Fig. 1D) . To address the functional consequence of this finding, we performed an assay using p8-or p12-expressing Jurkat T cells plated on coverslips coated with ICAM-1, the ligand of LFA-1. As demonstrated in Fig.  1E , T-cell adhesion was significantly enhanced by p8, but not p12, suggesting that p8 increases T-cell contact, at least in part, through LFA-1. Thus, p8 increases T-cell conjugation through LFA-1 and ICAM-1 interaction, which requires actin and results in an enhancement of virus transmission.
We next assessed whether p8 also increases T-cell contact among primary lymphocytes. As the vast majority of T cells in vivo are in a resting state, we examined both activated and quiescent peripheral blood mononuclear cells (PBMCs). Human PBMCs were purified and stimulated with α-CD3 and α-CD28 antibodies or PMA/ionomycin or left untreated and cultured 24 h with MT-2 cells overexpressing p8 or p12. The Gag, Env, and p8 proteins were visualized in the conduits formed between MT-2 and PBMCs, regardless of their activation status. As an example, one MT-2 cell forms conduits with two resting PBMCs (Fig. 1F) .We found that conduits were formed between MT-2 and primary Tcell and, interestingly, the percentage of resting T cells that formed conduits with MT-2 cells was significantly higher than that formed by activated T cells (Fig. 1G ).
p8 Protein Is Rapidly Transferred to T Cells and Augments the Number and Length of Cellular Conduits. Surprisingly, in experiments whereby Jurkat T cells were cocultured with prestained untransfected Jurkat T cells (blue cells), we observed that p8 could be detected in the untransfected neighboring T cell (blue cells; Fig.   2A ). Quantification of this phenomenon by using fluorescent intensity analysis demonstrated that a significant amount of p8 was transferred to the untransfected prestained Jurkat T cells (Fig. 2B) . Interestingly, we observed that the surface of p8-expressing T cells had thin membranous conduits (an example is demonstrated in Fig.  2A ), which are typically found in less than 10% of T cells (16) (17) (18) . Conduits are membrane structures that contain F-actin, favor cellto-cell communication, and transport proteins, organelles, and viruses (16-18, 23, 24) . To investigate the hypothesis that p8 may increase the conduits' formation, we quantified the number of conduits per cell, as well as the length and curvature of the conduits in p8-or p12-expressing Jurkat T cells (SI Methods). p8 expression in Jurkat T cells significantly augmented the percentage of cells with conduits ( Fig. 2C) , the length of the conduits (Fig. 2D) , and the frequency conduits per cells (Fig. 2E) . As it is known that the Tax protein, the HTLV-1 transactivator, alone is able to induce polarization of microtubule-organizing center (MTOC) following ICAM-1 engagement (25-27), we investigated whether Tax could influence p8-induced conduit formation. Tax had no effect on conduit length and numbers ( Fig. 2 C-E), suggesting that p8 alone is sufficient to mediate this effect.
The orf-I mRNA is expressed at low levels in HTLV-1-infected cells (4, 5) , raising the possibility that the ability of p8 to increase cell contact and conduit formation could be an artifact of p8 overexpression, rather than being truly relevant to HTLV-1 infection. To address this hypothesis, we used the p12KO virus that cannot express p8 or p12 (19) and compared it to the WT HTLV-1 for its ability to increase cell contact and conduit formation. The p12KO virus induced significantly less cell conjugates (Fig. 2F ) and a lower frequency of cells with conduits ( Fig. 2G ), confirming that the expression of the orf-I gene during viral replication affects T-cell contact and conduit formation. Importantly, p8, but not p12, restored the ability of the 12KO virus to increase T-cell conjugates and the percentage of T cells with conduits (Fig. 2 F  and G) . Thus, the HTLV-1 p8 protein, both in an overexpression system and in the context of a viral infection, increases cell contact and increases the length and number of cellular conduits.
p8 Proteins Increase Virus Transmission, Cell Contact, and Conduit Formation in Naturally Infected T Cells. Next, we wished to test whether p8 enhances virus transmission, cell contact, and conduit formation in T cells naturally infected by HTLV-1. For this purpose, we transfected the MT-2 T-cell line, chronically infected with HTLV-1, with p8-or p12-expressing plasmids and cocultured them with the reporter cell line BHK1E6. We found that MT-2 cells expressing p8 transmitted HTLV-1 significantly better than p12 expressing or mock transfected cells (Fig. 3A) . Coculture of p8-expressing MT-2 cells, stained for Gag expression (green), with prestained Jurkat T cells (blue), demonstrated that p8, but not p12, significantly increased cell polyconjugates (Fig. 3B) . Similar to our observation in Jurkat T cells (Fig. 2 A and B) , p8 was also transferred from the MT-2 cells to the prestained untransfected Jurkat T cells (blue; Fig. 3C ). Importantly, p8-expressing MT-2 cells connected to the prestained Jurkat T cells (blue) through long conduits, and, strikingly, Jurkat T cells that acquired p8 formed conduits as well (Fig. 3D) . The expression of p8 significantly increased the percentage of MT-2 cells with conduits ( Fig. 3E) and also the length of the conduits (Fig. 3F) . The percentage of cells with more than three conduits was higher in p8-expressing MT-2 cells than in p12-expressing or control cells (Fig. 3G) . There was no significant difference in the average curvature of the conduits among all tested samples (0.04 ± 0.01 μm
−1
).
Kinetics of p8-Induced Conduit Formation and Virus Transfer. To investigate the kinetics of conduit formation and virus transmission, we performed real-time live imaging (SI Methods) by using an envelope defective HTLV-1 construct that expresses the Gag protein fused to the YFP (NC-YFP). Previous studies demonstrated that the NC-YFP can be used to visualize HTLV-1 transmission when complemented with the envelope gene (28, 29) . MT-2 cells transfected with the NC-YFP and the p8-mCherry plasmids were cocultured with untransfected Jurkat T cells and live images were acquired every 10 s during a 10-min time lapse. A heterogeneous pattern of NC-YFP staining (green), varying from diffuse to bright punctuate signals, was observed at the cell surface similar to fixed images of Gag. In contrast, p8-mCherry (red) was mainly distributed throughout the cell surface and polarized only when in direct cell contact, similar to the p8-HA protein. Infected cells expressing both p8-mCherry and NC-YFP were less mobile compared with cells expressing only NC-YFP alone. Upon encounter with Jurkat T cells, MT-2 cells became less mobile. Frame-by-frame time-lapse analysis of a representative event (Fig. 4A) suggested that cellular conduits extended in random directions and toward neighboring Jurkat T cells (Fig. 4A) . The Gag (green) and p8 (red) proteins were visualized in the conduits and the Gag appeared to reach a neighboring target T cell within a 3-min time span (Fig. 4A and Movie S1). During this time span, the cellular conduits extended and retracted, suggesting the high plasticity of these structures. In addition, the formation of conduits was observed after cell-to-cell contact and subsequent cell separation as previously described (16) (Movie S2).
To further characterize virus transfer, we performed transmission EM. Analysis of HTLV-1 p8-expressing MT-2 cells and Jurkat T cells (Fig. 4B ) demonstrated the presence of viral particles with the characteristic shape of mature HTLV-1, either at the contact sites between two conduits (Fig. 4C) or between a conduit and the surface of the target T cell (Fig.  4D) . Thus, the combined use of live imaging and TEM supports the notion that HTLV-1 can be transmitted upon contact with the target cell, not only via the virological synapse, but also through cellular conduits.
Discussion
Transmission of HTLV-1 to T cells and to dendritic cells is more efficient by cell-to-cell contact (30, 31) . Upon contact of a target T cell with an HTLV-1-infected T cell, the MTOC reorients toward the cell-to-cell junction (26) . The HTLV-1 Gag clusters at the site of cell-to-cell contact, defined as the virological synapse (32) . Prolonged contact between an HTLV-1-infected T cell and a target cell is in part because of an increased density of ICAM-1 and LFA-1 molecules at the site of contact (26) . Engagement of these molecules is sufficient to trigger the reorientation of the MTOC in HTLV-1-infected T cells toward the cell-to-cell junction (26) . Recent work also demonstrates that in both primary and cultured human lymphocytes, HTLV-1 viruses that bud from the cell surface can be entrapped within ECM and linker proteins reminiscent of bacterial biofilms (33) . The findings of the current work are not in contradiction with prior data; rather, they demonstrate that HTLV-1 can also be transmitted by cellular conduits. The data presented here, however, reveal that HTLV-I regulates its own transmission by encoding the p8 protein, which, by invading neighboring T cells and by increasing T-cell contact, creates a network of T cells through conduits.
Membrane extensions, such as filopodia bridges, or viral cytonemes, have been shown to be involved in the transmission of several retroviruses (24) . Viruses move along the outer surfaces of conduits toward the target cell, appearing as a stretched virological synapse (24, 34) . Conduits are thin-membrane extensions, longer than 5 μm, that are believed to be formed by directed outgrowth of a filopodium-like protrusion toward a neighboring cell or by dislodgment after direct cell contact interaction (35) (36) (37) . In our studies, we did not document "surfing" of HTLV-1 virions on the outside of cellular conduits. Rather, we observed viral particles at the contact site between conduits or between conduits and cells. Thus, HTLV-1 transmission can occur by cell-to-cell contact (38) , by adhesion of viral assemblies on the surface of infected cells to uninfected cells, and through cellular conduits, as demonstrated here.
In this work, we have reconciled seemingly contradictory observations of the orf-I protein products by dissecting the independent roles of p8 and p12 in cell-to-cell contact and virus transmission. We show that HTLV-1 p8, but not p12, promotes the formation of cell conjugates and conduits between infected T cells and uninfected Jurkat T cells. We observed a similar phenomenon in primary human T cells.
The HTLV-1 p8 protein is an example of convergent evolution among human retroviruses as it targets the same pathways, although by different mechanisms, as the HIV-I Negative regulatory factor (Nef) protein. Both HIV-1 Nef and p8 localize to the IS (8, 39) and both proteins affect the TCR function at the IS (40, 41) . Similarly, Herpesvirus saimiri has also been reported to modulate IS function (42) . Thus, the modulation of the immune responses at the IS appears to be a conserved evolutionary strategy of viruses that target T and B cells, possibly to safeguard their persistence in immune competent hosts.
The ability of p8 to be transferred to neighboring cells and induce T-cell anergy, while also increasing T-cell contact, represents a unique strategy that HTLV-1 has evolved to persist in the host. The Nef protein of HIV is also transferred to B cells to inhibit their function (43) . Our hypothesis is that p8 invades neighboring cells to favor rapid transfer of virus, and at the same time, anergizes T cells to protect the infected cells from immune recognition. Thus, p8 complements the ability of orf-I to down-regulate MHC-I and ICAM-1 and ICAM-2 expression to protect the infected cells from CTL and NK cells (Fig. 4E) . This model predicts that virus-specific CTL could be infected by HTLV-1 in vivo. Indeed, Tax-specific CTLs are infected by HTLV-1 with high frequency (44) and CD8 + T cells are a virus reservoir in vivo (45) . Furthermore, anergy of HTLV-1-infected T cells in vitro (41) and immune deficiency have been documented in HTLV-1 infection (46) . Our finding that p8 is the mediator of these effects provides a unique viral target. The understanding of the mechanisms used by p8 to induce T-cell clustering and conduit formation is of utmost importance as it will guide targeted efforts to limit virus spreading and prevent disease in HTLV-1-infected individuals.
Methods
Cell Culture, Plasmids, and Drug Treatments. MT-2 cells and Jurkat T cells (E6.1) were obtained from American Type Culture Collection and maintained in RPMI media supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/mL antibiotic. MT-2 cells and Jurkat T cells (5 × 10 6 ) were electroporated (X-05 and H-10, respectively; Amaxa) with 10 μg of DNA plasmid. The HTLV-1 pAB WT, p12KO plasmids, Δenv (defective in the envelope gene), and Δint (defective in the integrase gene) were previously described (9, 28, 29, 19) . In the actin and tubulin remodeling studies, Jurkat T cells were incubated for 1 h at 37°C with 1 μM nocodazole (Sigma) and 1 μM cytochalasin D (Sigma). The cells were washed three times in PBS solution before mixing with CellTracker orange 541 nm-stained (Invitrogen) target Jurkat T cells. Glass coverslips were coated with 1μg per well of recombinant human ICAM-1/Fc chimera (R&D Systems) in PBS solution in a six-well plate at 4°C overnight. Nonspecific binding was blocked with 1% BSA in PBS solution for 1 h at room temperature, followed by three washes in PBS solution and one wash in regular media (RPMI medium). Cells (1 × 10 5 ) were plated on ICAM-1-coated coverslips for 30 min at 37°C, carefully washed with warm RPMI medium, and fixed. Percentage of attached cells was counted manually. Viral infectivity assays were performed using cocultures of a monolayer of 1 × 10 5 BHK1E6 cells (20) , containing a lacZ reporter gene fused to the Taxresponsive promoter HTLV-1 LTR, in a six-well plate with 1 × 10 6 HTLV-1-infected lymphocytes. Monolayers were washed twice with PBS solution 48 h after coculture, fixed with 4% (wt/vol) paraformaldehyde for 15 min, and stained with 200 μg/mL of X-gal solution overnight at 37°C. Cells were washed twice with PBS solution and β-gal-expressing cells were counted twice, blinded, by bright-field microscopy.
Immunofluorescence. HTLV-1-infected (MT-2) or Jurkat T-cell lines were transfected with pME or p12-HA-or p8-HA-expressing vectors, then mixed 48 h later with target Jurkat T cells prestained with CellTracker Orange 541 nm (Invitrogen). The Jurkat T cells were labeled by incubation with 10 μM CellTracker Orange in OPTI-MEM for 30 min under agitation at 37°C, then washed twice in regular media. Cells were mixed at a 1:1 ratio on 10 μg/mL fibronectin-coated (Sigma) coverslips and incubated for 1 h at 37°C. Cells, fixed with 2% paraformaldehyde and 0.1% glutaraldehyde in PBS solution for 2 min at room temperature, were permeabilized with Cytofix-Cytoperm (BD Biosciences) for 5 min at 37°C and quenched using 50 mM NH 4 Cl, 20 mM glycine for 5 min at room temperature. Cells were blocked with 2% FBS and 0.2% saponin in PBS solution for 1 h at room temperature, then stained at 37°C for 1 h with anti-HA (Santa Cruz Biotechnology), anti-HTLV-1 Gag (ZeptoMetrix), or anti-HTLV-1 Env (ZeptoMetrix) antibodies. Quantification of the various cell-to-cell contacts was performed by visual observation of multiple images acquired on a Zeiss 410 LSM confocal microscope with a 63× lens. Cell conjugates were defined as single conjugates and polyconjugates (defined as multiple target cells around a single donor cell).
EM. For transmission EM, HTLV-1-infected donor cells were mixed with target cells at a 1:1 ratio (1 × 10 6 cells in 350 μL). Cells were loaded on fibronectin-coated six-well plates. After 1 h coculture, cells were fixed with 0.1% glutaraldehyde 4% paraformaldehyde in 0.1 M Sorensen buffer (pH 7.2) for 10 min at 37°C. The samples were processed as previously described (47) .
Statistical Analysis. Continuous data that were consistent with normal distributions or could be normalized with logarithmic transformations were compared using one-way ANOVA. For continuous data that could not be made consistent with normality, the exact Wilcoxon rank-sum test was applied in pairwise two-group comparisons. Percentage data that were consistent with a common group mean over samples according to the FisherFreeman-Halton test were compared between groups by using a Fisher exact test. Some percentage data were found to be significantly zeroinflated, and a two-parameter model based on the probability of a zero percentage and the group mean of the nonzero samples was assessed by Monte Carlo simulation of Fisher statistic for combining P values, conditional on the observed probabilities under the null hypothesis. Count data with small numbers were tested using the exact Cochran-Armitage test for trend. All P values are two-tailed and were corrected by the Hochberg method for the three simultaneous tests against the control values appropriate for the comparison.
